The surface zonal winds observed in the giant planets form a complex jet pattern with alternating prograde and retrograde direction. While the main equatorial band is prograde on the gas giants, both ice giants have a pronounced retrograde equatorial jet.
Introduction
Surface zonal jets on the giant planets Jupiter, Saturn, Uranus and Neptune have been investigated since the 1970's by tracking cloud features (e.g. Ingersoll, 1990) . On each planet, these zonal winds form a differential rotation profile with alternating prograde (i.e. eastward) and retrograde (i.e. westward) flows.
On both gas giants, a strong eastward equatorial jet is flanked by multiple weaker alternating zonal winds (10-20 m.s −1 ). Jupiter's equatorial jet extends roughly between ±20
• latitude reaching a maximum velocity around 150 m.s −1 (Porco et al., 2003; Vasavada and Showman, 2005 ). Saturn's equatorial jet is fiercer and wider with a maximum flow amplitude of 450 m.s −1 and extension of ±35
• latitude (Porco et al., 2005) . The zonal wind profiles of Uranus and Neptune are quite different. One broad retrograde equatorial jet is flanked by only two strong prograde jets at higher latitudes. On Uranus, this equatorial sub-rotation extends between ±30
• latitude and reaches 100 m.s −1 (Hammel et al., 2005) ; it extends over ±50
• latitudes and reaches 400 m.s −1 on Neptune (Sromovsky et al., 1993) .
Two competing categories of models try to explain the observed zonal winds structure. In the "shallow-forcing" scenario, zonal winds are driven by injection of turbulence via different types of physical forcings at the stably-stratified cloud level (e.g., latent heat release, solar radiation, moist convection). These models successfully reproduce an alternating zonal flow pattern similar to those observed in giant planets (e.g. Williams, 1978; Cho and Polvani, 1996) . Although many earlier shallow models predict a similar westward equatorial zonal flow for all four giant planets, recent studies show that these models can also replicate the equatorial zonal flows of the four giant planets via the inclusion of an additional forcing mechanism such as water vapor condensation (Lian and Showman, 2010) or via enhanced radiative damping (Scott and Polvani, 2008; Liu and Schneider, 2011) .
In the "deep-forcing" scenario, zonal winds are maintained by deep-seated convection. The increasing electrical conductivity in the deep-interior of the giant planets (Nettelmann et al., 2008; French et al., 2012) goes along with stronger Lorentz forces that are thought to prevent the strong zonal winds to penetrate deep into the molecular layer. Liu et al. (2008) therefore argued that the zonal winds must be confined in a thin upper layer (0.85 R S and 0.96 R J ), since deep jets extending over the whole molecular envelope would lead to Ohmic dissipa-tion that would exceed the planetary luminosity. More recent dynamo models by Heimpel and Gómez Pérez (2011) support the idea that zonal flows would maybe reach less than half of the distance to the bottom of the molecular layer. These deep models rely on 3-D numerical simulations of rapidly-rotating spherical shells. In rotating convection at moderate convective forcing, convection occurs on long, axially-oriented columns reaching through the whole fluid layer. These well-organized columnar flows generate Reynolds stresses (i.e. statistical correlations between the convective flow components) that drive strong zonal winds (e.g. Busse, 1983 Busse, , 1994 Plaut et al., 2008; Brown et al., 2008) . The typical azimuthally prograde tilt of these convective columns always yields an eastward equatorial jet (e.g. Zhang, 1992; Christensen, 2001; Aurnou and Heimpel, 2004) . The direction and the number of jets are consistent with Jupiter's and Saturn's observation provided thin shells and low Ekman numbers are considered (e.g. Heimpel et al., 2005; Heimpel and Aurnou, 2007) .
A different zonal flow regime is however found when globalscale buoyancy starts to dominate the Coriolis force. The equatorial zonal flow tends to reverse (e.g. Gilman, 1977; Gilman and Foukal, 1979; Glatzmaier and Gilman, 1982) . Responsible for the latter is the turbulent mixing of angular momentum, which may explain the strong retrograde equatorial zonal flow observed on the ice giants .
To further inform the ongoing discussion on the driving mechanisms and the depth of the zonal jets in the giant planets, here we investigate the deep-seated zonal flow perspective and thus compute 3-D global models of convection in spherical shells.
Many of the previous parameter studies have employed the Boussinesq approximation where the density stratification is simply ignored (Christensen, 2002; Aurnou et al., 2007) . This is rather dubious in the strongly stratified giant planets where the density contrasts are huge (e.g. Nettelmann et al., 2012a,b) . More recent models therefore use the anelastic approximation which allows to incorporate the effects of background stratification while filtering out the fast acoustic waves (e.g. Braginsky and Roberts, 1995; Lantz and Fan, 1999; Brown et al., 2012) . In an extensive parameter study, Gastine and Wicht (2012) concentrate on the influence of the density stratification on convection and zonal flows in the rotation-dominated regime (see also Showman et al., 2011) . While the density stratification affects the local scales and the amplitude of the convective flow, the mean zonal flows and the global quantities are fairly independent of the density contrast, similar to the results of .
Many anelastic and fully compressible models of solar and stellar convection have observed a transition between the solarlike (i.e. eastward equatorial zonal flow) and the so-called "anti-solar" (i.e. westward equatorial zonal flow) differential rotation profiles when buoyancy dominates the force balance (Glatzmaier and Gilman, 1982; Bessolaz and Brun, 2011; Käpylä et al., 2011a ). Yet, to date, no systematic parameter study has been made to investigate the influence of density stratification on the transition between the rotation-dominated and the buoyancy-dominated zonal flow regimes. This is precisely the focus of the present study, which extends the previous Boussinesq study of Aurnou et al. (2007) to anelastic models. To this end, we conduct a systematic parameter study from Boussinesq to strongly stratified models (i.e. ρ bot /ρ top ≃ 150) and solutions that span the range from weakly to strongly supercritical convection.
In section 2, we present the anelastic formulation and the numerical methods. Section 3 shows the change in convection when the driving is gradually increased from the rotationdominated to the buoyancy-dominated regime. Section 4 focuses on the zonal flows profiles that develop in the buoyancydominated regime. In section 5, we concentrate on the socalled transitional regime, a specific feature of strongly stratified anelastic models, before concluding in section 6.
Hydrodynamical model and numerical methods

Governing equations
We consider hydrodynamical simulations of an anelastic ideal gas in a spherical shell rotating at a constant rotation rate Ω about the z-axis. We use a dimensionless formulation of the governing Navier-Stokes equations where the shell thickness d = r o − r i is employed as a reference lengthscale and Ω −1 as the time unit. Density and temperature are non-dimensionalised using their outer boundaries reference values ρ top and T top . Entropy is expressed in units of ∆s, the imposed entropy contrast over the layer. Kinematic viscosity ν, thermal diffusivity κ and heat capacity c p are assumed to be homogeneous.
Following the anelastic formulations of Gilman and Glatzmaier (1981) ; Braginsky and Roberts (1995) and Lantz and Fan (1999) , the background reference state (denoted with tildes in the following) is hydrostatic and adiabatic. It is defined by dT /dr = −g/c p and a polytropic gasρ =T m , m being the polytropic index. As we are interested in the dynamics of the molecular region of giant planets, we assume that the mass is concentrated in the inner part, so that g ∝ 1/r 2 provides a good approximation (see also Gastine and Wicht, 2012 ). Such a gravity profile then leads to the following background temperature profilẽ
HereT andρ are the background temperature and density, η = r i /r o is the aspect ratio of the spherical shell and N ρ corresponds to the number of density scale heights over the layer (see also Jones et al., 2011 , for the full derivation of the reference state).
In the anelastic approximation, the dimensionless equations that govern convective motions are given by
where u, p and s are velocity, pressure and entropy, respectively. S is the traceless rate-of-strain tensor with a constant kinematic viscosity, given by
δ i j being the identity matrix. The dimensionless entropy equation reads
where Q ν is the viscous heating contribution given by
In addition to the aspect ratio η and the two parameters involved in the description of the reference state (N ρ and m), the system of equations (3-6) is governed by three dimensionless parameters, namely, the Ekman number, the Prandtl number and the modified Rayleigh number:
where g top is the gravity at the outer boundary. Ra * can be related to the standard Rayleigh number Ra = g top d 3 ∆s/c p νκ with (e.g. Christensen, 2002) 
The definition of Ra * is based on the global entropy jump over the spherical shell and on the gravity value at the outer boundary. In anelastic models, it is however more appropriate to define a local modified Rayleigh number that encompasses the radial dependence of the background reference state (e.g. Kaspi et al., 2009; Gastine and Wicht, 2012) :
where s c is the conduction state entropy, which is the solution of
As the entropy gradient is inversely proportional toρT , the value of R * can become very large at the surface in the most stratified cases. In these models, convection sets in first in the outermost region Gastine and Wicht, 2012) . To compare numerical models with different density contrasts, it is either possible to consider a mass-weighted average of R * as suggested by Kaspi et al. (2009) , or use its value at middepth (Unno et al., 1960; Glatzmaier and Gilman, 1981) . Table 1 shows that these two definitions lead to very similar results. In the following, we use the modified Rayleigh number The first numerical models of rotating convection in spherical shells by Gilman (1977) and Glatzmaier and Gilman (1982) have shown that the physical mechanism responsible of the zonal flow production is sensitive to the relative contribution of buoyancy and Coriolis force in the global-scale force balance. The ratio between these two forces can be related to Ra * (for the full derivation, see Aurnou et al., 2007) via
This ratio is commonly referred to as the "convective Rossby number" in the solar and stellar convection communities (e.g. Elliott et al., 2000; Ballot et al., 2007) and in the fluid physics community (e.g. Zhong and Ahlers, 2010) . In Boussinesq studies, Ra * ∼ 1 is typically found to be a good proxy to separate the rotation-dominated zonal flow regime (i.e. Ra * ≪ 1) from the buoyancy-dominated flow regime (i.e. Ra * ≫ 1) (Gilman, 1977; Aurnou et al., 2007; Evonuk and Samuel, 2012) .
In contrast to the Ra * ∼ 1 zonal flow transition in Boussinesq spherical shells, there is not yet a consensus concerning the mechanisms that control the breakdown of the smaller-scale convection columns (e.g. Schmitz and Tilgner, 2009; Julien et al., 2012b,a) . However, in low Ekman number Cartesian Boussinesq simulations, it is clear that the transition Ra * values at which columnar modes become unstable is significantly less than unity. This low Ra * breakdown criterion suggests that independent behavior transitions may exist for the large-scale zonal flows and the local-scale columnar convection modes.
In our simulations, however, the convection columns and the zonal flows seem to undergo simultaneous behavioral transitions. This may occur due to the moderate Ekman values at which we carry out our suite of simulations, or due to a difference in the stability properties of convection columns in spherical shell convection in the presence of zonal flows. Thus, we will focus here only on the one fundamental transition that separates the rapidly-rotating regime, in which columns exist and the equatorial zonal flow tends to be prograde (e.g. Gastine and Wicht, 2012) , and the buoyancy-dominated regime, in which the columns are unstable and the equatorial zonal flows tend to be retrograde (e.g. Aurnou et al., 2007) .
Numerical methods and boundary conditions
The numerical simulations of this parameter study have been carried out using the anelastic version of the code MagIC (Wicht, 2002; Gastine and Wicht, 2012) , which has been validated in the Jones et al. (2011) anelastic dynamo benchmark study. To solve the system of equations (3-6),ρu is decomposed into a poloidal and a toroidal contributioñ
W, Z, s and p are then expanded in spherical harmonic functions up to degree ℓ max in colatitude θ and longitude φ and in Chebyshev polynomials up to degree N r in radius. A detailed description of the complete numerical method and the associated spectral transforms can be found in Gilman and Glatzmaier (1981) . Typical numerical resolutions range from (N r = 65, ℓ max = 85) for Boussinesq models to (N r = 161, ℓ max = 256) for the most demanding anelastic models with N ρ = 5. In the latter, a twofold or a fourfold symmetry in longitude has been used to ease numerical computation. As rapidly-rotating convection is dominated by high azimuthal wave numbers, this enforced symmetry is not considered to be influential on the averaged properties of the flow (e.g. Christensen, 2002; Heimpel et al., 2005; . Note that this can influence the dynamics at high latitude where large-scale structures may evolve (e.g. polar vortices). However, this concerns only a very minor fraction of the total simulated volume. In all the numerical models presented in this study, we have assumed constant entropy and stress-free mechanical boundary conditions at both spherical shell boundaries, r i and r o .
A parameter study
In this investigation, we consider two different Ekman numbers, E = 10 −3 and E = 3 × 10 −4 , which are rather moderate but allow us to carry out a significant number of strongly supercritical cases. Following our previous hydrodynamical models, the Prandtl number is set to 1 and we use a polytropic index m = 2 for the reference state. For all the models of this study, we employ an aspect ratio η = 0.6. This non-dimensional fluid layer depth exceeds those expected for the zonal flows in the gas giants (i.e. 0.85 R S and 0.96 R J , see Liu et al., 2008; Heimpel and Gómez Pérez, 2011) . However, this thicker shell geometry has the advantage of avoiding the significant numerical expense associated with spectral models of thin shell dynamics.
We have performed numerical simulations with various density contrasts spanning the range from N ρ = 10 −2 (i.e. nearly Boussinesq) to N ρ = 5 (i.e. ρ bot /ρ top ≃ 150). The strongest stratification considered here is still below the expected density contrast of the gas giants interiors: N ρ = 7.2 between the 1 bar level and 0.96R J (Nettelmann et al., 2012a; French et al., 2012) and N ρ = 7.7 between the 1 bar level and 0.85R S (Guillot, 1999) . However, since the density gradient rapidly decreases with depth in both giant planets, a value of N ρ = 5 covers more than 99% of the outward molecular envelope when starting at 0.96R J (or 0.85R S ). For each density stratification and Ekman number, we vary the Rayleigh number from onset of convection to R * m ∼ 10. Critical Rayleigh have been obtained with Figure 1 shows the radial velocity patterns when the supercriticality is gradually increased for two different density stratifications. In the rotation-dominated regime (i.e. R * m ≪ 1, upper panels of Fig. 1 ), the convective structures are aligned with the rotation axis following the Taylor-Proudman theorem. The azimuthal lengthscale of the convective columns is roughly three times smaller in the strongly stratified than in the Boussinesq model, following the critical wave numbers listed in Tab. 2. As shown in the linear stability analysis by , this variation is due to the background density contrast that confines convection close to the outer boundary when N ρ increases. This confinement causes the decrease in the typical length scales in both the radial and the azimuthal directions (see also Gastine and Wicht, 2012) .
From rotation-to buoyancy-dominated regime
Convective flows
Convection develops both inside and outside the tangent cylinder in cases with more supercritical Rayleigh numbers that still have R * m 1 (Fig. 1 , middle row). The integrity of the convective columns is disturbed due to the gradual loss of geostrophy as the buoyancy forcing increases in strength (e.g. Soderlund et al., 2012) . The difference in lengthscales between the two cases is roughly retained at r = 0.9 r o . However, due to the local variations of the density scale height, the convective flow lengthscale increases in the deep interior of the N ρ = 5 case (see for instance Fig. 5 in Gastine and Wicht, 2012) .
The alignment of the convective features along the rotation axis is completely lost when buoyancy dominates the globalscale force balance (R * m 1, lower panels of Fig. 1 ). While upand downwellings have a very similar structure in the Boussinesq model, a strong asymmetry is visible in the strongly strat- ified case. Here the convection roughly forms a network of thin elongated downflows that enclose broader and weaker upflows. Upwelling structures tend to expand and acquire a mushroomlike shape, while downwelling plumes are narrow and concentrated. This network-like pattern of convection has been frequently observed in numerical models of the solar granulation (e.g. De Rosa et al., 2002; Miesch et al., 2008) . Figure 2 shows the change in the zonal winds when R * m is increased in the nearly Boussinesq models (N ρ = 10 −2 , left panels) and in the strongly stratified models (N ρ = 5, right panels). The typical pattern of an eastward (i.e., prograde) outer and a westward inner geostrophic zonal flow already develops at mildly supercritical Rayleigh numbers (top row). These zonal flows are driven by Reynolds stresses (i.e. the statistical correlation of convective flow components), which rely on the prograde tilt of the convective columns induced by the boundary curvature (e.g. Busse, 1983; Zhang, 1992; Christensen, 2002) . In the rotationally-dominated models, Reynolds stresses generate a positive angular momentum flux away from the rotation axis that is balanced by viscous drag. Because of the strong confinement of convection close to the outer boundary in the N ρ = 5 case, the equatorial jet is narrower than in the Boussinesq model. In addition, its amplitude is significantly larger than the amplitude of the adjacent retrograde jet in the stratified model.
Zonal winds
With further increasing supercriticality, the differences discussed above tend to vanish. Thus, for R * m 0.5 − 1 (third panels), the equatorial jets have indeed very similar amplitudes and latitudinal extent while the retrograde jet is still somewhat weaker in the anelastic model. This agrees with the results or our previous parameter study in the R * m 1 regime (Gastine and Wicht, 2012) . Note that the larger Ekman number cases considered here do not allow for the multiple jets solution found in Gastine and Wicht (2012) , where the main equatorial jet was flanked by a retrograde zonal flow attached to the tangent cylinder and a pair of high latitude prograde jets.
When buoyancy starts to dominate the force balance (i.e. R * m 1), the zonal flow direction largely reverses. The flow outside the tangent cylinder becomes mainly retrograde and the flow inside the tangent cylinder prograde. The amplitude of these zonal winds also increases roughly by a factor 5 at this transition reaching Ro ≃ −0.5. The zonal winds are nearly z-independent for R * m ≃ 1 (fourth panels), even though the convective motions are no longer in geostrophic balance. However, a further increase of the supercriticality produces some pronounced smaller-scale z-dependent features in the Boussinesq models. These small-scale structures are highly time-dependent and would therefore cancel out when time-averaged quantities are considered. The last panels of Fig 2 show that both the mean zonal flow and the small-scale ageostrophic motions depend on the density contrast in the R * m ≫ 1 regime. This change in the zonal flow structure is confirmed by the time-averaged toroidal kinetic energy spectra shown in Fig. 3 for four Boussinesq models at E = 10 −3 . In the rotationdominated regime (R * m < 1, upper left panel), the spectrum peaks at m = 0, illustrating the strong contribution of axisymmetric zonal flows in the toroidal kinetic energy budget. For spherical harmonic orders m > 20, the spectra follow a clear power-law behaviour and the steep decrease (close to m −5 ) is very similar to previous quasi-geostrophic studies computed at much lower Ekman numbers (E = 10 −8 ) (Schaeffer and Cardin, 2006) and matches the k −5 scaling derived by Rhines (1975) in the β-plane turbulence framework. Axisymmetric zonal flows still dominate the toroidal energy in the R * m = 2.92 and R * m = 10.23 cases, but the slope at smaller lengthscales flattens gradually. At R * m = 29.24 (lower right panel), the spectrum shows a mild maximum at m = 2 before clearly following an inertial range scaling of m −5/3 , the theoretical behaviour expected for homogeneous and isotropic 3-D turbulence (e.g. Lesieur, 1997) . In this case, the axisymmetric zonal flow contribution is not dominant anymore as already suggested by the last panel of Fig. 2a. 
Convection regimes
To further investigate the change in zonal flow regime observed in Figs. 1-2, we consider time-averaged quantities for the whole set of numerical models computed in this parameter study. We focus in the following on the zonal flow amplitude characterised by the dimensionless Rossby number Ro = u φ /Ωr o and on the contribution of axisymmetric toroidal energy in the total kinetic energy budget. Following Christensen (2002) , this is quantified by the ratio of the total to the nonzonal kinetic energy E kin /E nz , where E kin has been obtained by 
where V is the volume of the spherical shell and τ is the timeaveraging interval. Each numerical simulation has been averaged long enough to suppress the short term variations. Figure 4 shows how the surface equatorial zonal flow amplitude Ro e and the ratio E kin /E nz change when R * m is increased for numerical models with different Ekman numbers and density contrasts. In the rotation-dominated regime (R * m 1), the equatorial jets is always prograde and its amplitude gradually increases with R * m . A maximum amplitude of Ro e ≃ 0.1 − 0.15 is reached around R * m ≃ 0.5 − 0.8. In this regime, the influence of the density contrast is not obvious: the N ρ = 3 cases produce stronger jets than the Boussinesq models, which are, rather similar to the strongly stratified N ρ = 5 cases. Figure 4b shows that the ratio E kin /E nz first increases for weak to moderate supercriticalities before decaying once convection is strongly driven. This decay is attributed to the gradual decorrelation of the convective flow components in the strongly-driven regime, which reduces the efficiency of the energy transfer between small-scale convection and large-scale mean zonal flows via Reynolds stresses (Christensen, 2002; Gastine and Wicht, 2012) . The maximum of this ratio depends on both the density stratification and the Ekman number. In Boussinesq models at E = 3 × 10 −4 , this maximum is around 10 (which means to 90% of the total kinetic energy is contained in the zonal flows) while it reaches only 5 (i.e. 80%) in the N ρ = 5 models. In addition, decreasing the Ekman number tends to produce a stronger zonal flow contribution (see Christensen, 2002 ).
An abrupt transition to retrograde equatorial zonal winds takes place close to R * m ≃ 1, independently of the density strat-7 ification and the Ekman number considered. The retrograde equatorial jet amplitude is roughly multiplied by a factor 4 at this transition to reach Ro e ≃ −0.4. This goes along with a larger E kin /E nz value that reaches approximately 7 for the E = 10 −3 cases (i.e. 85%) and 15 for the E = 3 × 10 −4 cases (i.e. 93%).
As R * m is increased further, the density stratification starts to play a more important role. For stronger stratifications, the equatorial zonal flow amplitude further increases while it roughly levels off and finally decreases in the Boussinesq models. This is also reflected in the variation of E kin /E nz where the strongly stratified cases decay slower at large R * m than the weakly stratified models. Since we expect that the convective fluctuations will dominate the mean zonal flows at R * m ≫ 1, the ratio E kin ≃ E nz should ultimately tend to unity. This is already observed in Boussinesq cases in Fig. 4b where a value of 1.04 is reached at R * m = 29.24. For the stronger stratified cases, much larger R * m values are required than we could afford to simulate numerically. Figure 5 shows a tentative regime diagram based on our simulation results. Regime I corresponds to rotation-dominated cases (R * m < 1) where convection shows a columnar structure and maintains a prograde equatorial zonal flow. Regime II is characterised by three-dimensional convection and a strong retrograde equatorial jet. The transition between regimes I and II takes place around R * m ∼ 1 independently of the density stratification and the Ekman number. The strong decrease of the zonal flow amplitude observed in the Boussinesq models for R * m > 5 points toward a possible third regime in which the zonal flows are insignificant and convection becomes isotropic. The transition between regimes II and III is however gradual and rather difficult to pinpoint (emphasised by the dashed-line and the color gradient in Fig. 5 ). Our simulations suggest for instance that the transition depends on the density stratification.
The reason for the density-dependent jets amplitude observed in the buoyancy-dominated regime and the possibility of a third regime at large Ra * are further discussed in the next section.
Angular momentum mixing
Influence of the density stratification
When buoyancy dominates Coriolis force, strong convection can locally mix the angular momentum. Flows in which angular momentum is indeed homogenised have been found in several studies of atmospheric dynamics or numerical models of rotating convection with a weak rotational influence (e.g. Gilman, 1977; Hathaway, 1982; De Rosa et al., 2002; Aurnou et al., 2007; Bessolaz and Brun, 2011) .
In an inertial reference frame, the angular momentum of a fluid parcel is given by
where δV is the volume of the fluid element, s = r sin θ is the cylindrical radius, M ZF is the angular momentum due to zonal flows and M PR is the angular momentum that comes from the planetary rotation. The overbars here indicate an azimuthal average. Because of the anelastic continuity equation (3), the mass of a fluid element is conserved during its displacement such that ρδV = const.. If, in addition, a fluid parcel conserves its angular momentum M, then, as hypothesized by Gilman and Foukal (1979) , the angular momentum per unit of mass L is a conserved quantity
Nondimensionalising this equation by Ωr 2 o leads to
A spatially homogeneous L * value would then equal the mass integral of the initial angular momentum distribution (i.e. a rigid body rotation) given by
where m is the total mass of the spherical shell given by m = Vρ (r)dV. ζ depends on the background density stratification and decreases by 25% when the density contrast is increased from nearly Boussinesq (N ρ = 10 −2 ) to N ρ = 5 cases (see the middle column of Tab. 3). This decrease of ζ explains the differences in equatorial jet amplitudes in Fig. 4 via 
Note that Aurnou et al. (2007) derived the Boussinesq version of Eq. (19), in which the background density is homogeneous.
Partial mixing of L *
The previous derivation provides an idealised description of the simulation results at R * m ≫ 1. For instance, the equatorial zonal flows, shown in Fig. 4 , never reach the maximum theoretical amplitudes of Ro e = −0.528 for N ρ = 10 −2 and Ro e = −0.654 for N ρ = 5 predicted by Eq. (19) . From this we suspect that the mixing of L * takes place in only part of the spherical shell. We can then make the following ad-hoc assumption that L * is homogenised for cylindrical radii s > s mix only. This leads to
where z(s) = ± r 2 o − s 2 outside the tangent cylinder and ± r 2 o − s 2 − r 2 i − s 2 inside. Figure 6 shows the variation of ζ s mix for different density stratifications as a function of s mix . When the shell is only partially mixed the influence of the density stratification is gradually reduced and becomes negligible when L * is homogenised in only a small fraction of the domain. Because the tangent cylinder is often considered to present a dynamical barrier for rotation-dominated convection, Aurnou et al. (2007) introduced the respective values for mixing outside the tangent cylinder only. Note, however, that this is a rather arbitrary choice since there is no expected sharp vorticity step across the tangent cylinder in the regime II discussed here. The third column in Tab. 3 corresponds to these cases (also see the dotted lines in Fig. 6 ). In the Boussinesq limit we recover ζ TC = 1 − 3 5 (1 − η 2 ) already derived by Aurnou et al. (2007) . Figure 7 displays time-averaged cylindrically radial profiles of L * and latitudinal profiles of surface zonal flows for numerical simulations in the buoyancy-dominated regime (Regime II). For each panel, the grey-shaded area shows the spans between the theoretical L * -mixing over the entire shell and outside the tangent cylinder only. For comparison, a solid body rotation profile is demarcated by the dashed black lines in the left panels of Fig. 7 .
For R * m ≃ 1 (dark green lines), the L * profiles are roughly constant outside the tangent cylinder in the Boussinesq models. From Tab. 3 and Fig. 6 , we therefore predict a value of Ro e = ζ s mix − 1 ≃ −0.4 consistent with the numerical surface value of Ro e = −0.385 (see Tab. A.4). In contrast, L * -mixing occurs only in a relatively thin region (s > 0.7 − 0.8 r o ) in the N ρ = 5 case. Predictions for Ro e for this range of mixing depths lie between -0.25 and -0.4, consistent with the numerical value of Ro e = −0.368.
In the strongly stratified cases (N ρ ≥ 3), the L * -mixing moves deeper when R * m is increased. The entire region outsidethe tangent cylinder is homogenized (light green line for N ρ = 3 and orange line for N ρ = 5) and the surface zonal flows match the theoretical profile derived before, at least at mid latitudes (i.e. θ ±50 • ) once R * m ≃ 2. For R * m > 10, L * is constant for s > 0.5 r o and the zonal flow profiles lie roughly midway between the two theoretical curves (fully-mixed and s mix = s TC limits). They reach stronger amplitude in the N ρ = 5 cases due to the larger available L * reservoir (Fig. 6 ). The profiles also show that the L * -mixing stops in the highest R * m Boussinesq models (dark purple line) and gradually tends toward the solid body rotation , i.e. L * = s 2 /r 2 o . As described before, this weakening of the zonal flow at the highest accessible values of R * m appears to define a third dynamical regime.
Azimuthal force balance and meridional flow structure
In this section, we explore how the zonal flows are maintained in the L * -mixing regime (Regime II in Fig. 5 ) and the possible decay of these flows at larger R * m (Regime III). To do so, we analyse the axisymmetric, azimuthal component of the Navier-Stokes equations (Eq. 4) following Miesch and Hindman (2011) and Brun et al. (2011) :
where u m is the mean meridional circulation, L = su φ + s 2 is the angular momentum per unit of mass, F tot is the angular momentum flux associated with Reynolds and viscous stresses, F Re and F visc , respectively. Primed quantities correspond to fluctuations about the axisymmetric mean. Equation (21) requires that the advection of axisymmetric angular momentum by the meridional flow is balanced, on time-average, by the net axial torques due to Reynolds stresses and viscosity. Figure 8 shows the angular momentum per unit of mass and the mean meridional flow, along with the different contributions of this force balance for two strongly stratified numerical models with R * m = 0.24 and R * m = 2.37. In the rotation-dominated case ( R * m = 2.37, upper panels), the equatorial zonal wind is prograde and L gradually increases with cylindrical radius s. In the buoyancy-dominated case (R * m = 2.37, lower panels), L is roughly constant outside the tangent cylinder (see also the orange curve in the last row of Fig. 7 ) and is associated with a strong retrograde equatorial jet which reaches Ro e ≃ −0.5.
The meridional circulation patterns differ between the two numerical models shown in Figure 8 . While a relatively smallscale multicellular meridional circulation structure is observed in the first case, the meridional flow in the second model is dominated by a pair of large-scale cells. In the latter, a second pair of weaker counter-cells is discernable close to the inner boundary. Such a transition between small-scale multicellular and large-scale single-celled meridional circulation has been already observed for numerical simulations around R * m ∼ 1 (e.g. Elliott et al., 2000; Bessolaz and Brun, 2011) . Augustson et al., 2012) . This force balance is somewhat different in the R * m = 2.37 model in which the simple large-scale Reynolds stresses dominate the force balance and drive the dominant pair of meridional circulation cells. The viscous contribution becomes significant only near the inner boundary and results in the second weaker pair of cells visible in Fig. 8b . The presence of these weak counter cells might however be sensitive to the type of mechanical and thermal boundary conditions employed in our models (see also Miesch et al., 2008) .
Towards a possible third regime for R *
m ≫ 1 Figure 8 shows that the Reynolds stresses become the dominant contribution to the net axial torque when R * m force balance (21) can thus be approximated in the R * m ≫ 1 regime byρ
since viscosity does not play a significant role here. This balance shows that Reynolds stresses rely on the correlations between the meridional and the longitudinal components of the convective flow u ′ r u ′ φ and u ′ θ u ′ φ (e.g. Ruediger, 1989; Käpylä et al., 2011b) . In the following, we focus on the change in u ′ r u ′ φ only and quantify the correlation by
where the overbars correspond to an azimuthal average. Figure 9 shows the variation of C rφ when R * m is increased in Boussinesq (upper panels) and in strongly stratified models (lower panels). For R * m ≃ 1, the correlations are significant and strong negative Reynolds stresses are maintained. However, C rφ gradually decreases in the more supercritical cases. An increase of the Rayleigh number indeed goes along with stronger turbulent velocities and smaller typical flow lengthscales, leading to a gradual decrease of the turnover timescale of convection. Small-scale eddies are not influenced by rotation anymore since their lifetime becomes significantly smaller than the rotation period (see also Gastine and Wicht, 2012 , for the rotationdominated cases). This loss of coherence results in a gradual decrease of the Reynolds stresses correlations needed to maintain the mean flows (Brummell et al., 1998; Miesch et al., 2000; Käpylä et al., 2011b) . A reduction of the mean flows amplitude is therefore anticipated when the motions become more turbulent. Figure 10 shows the energy distribution for numerical models in the buoyancy-dominated regime (see Fig. 7 for the corresponding zonal flows). Zonal flows dominate the energy budget for R * m ≃ 1 (80-90%). In Boussinesq models, the contribution of the turbulent flows then increases rapidly to overwhelm the energy distribution for R * m > 10. This increase is more gradual for the N ρ = 3 cases and it even seems to level around 20% in the N ρ = 5 models. This reflects the density-dependent evolution of E kin /E nz in the R * m ≫ 1 regime visible in Fig. 4b . This decorrelation defines a gradual transition towards the possible regime III displayed in Fig. 5 . When the degree of turbulence increases and the small-scale motions dominate the energy budget, a decrease of zonal flows amplitudes is observed in Boussinesq and N ρ = 1 models due to the gradual loss of correlation of the convective flow. However, this scenario still needs to be confirmed in strongly stratified models: the presently accessible range of R * m allows for only weakly turbulent convective motions in our N ρ ≥ 3 simulations (see Tab. A.4).
A transitional regime in anelastic models
As mentioned in section 2, R * is a radially-dependent quantity that can vary across the fluid shell by several orders of magnitude in the strongly stratified models. This can lead to different dynamical regimes close to the outer boundary and in the fluid shell's deeper interior. Figure 11 shows the variation of R * (r) for different numerical models with N ρ = 5. The spherical shell can be separated in two distinct layers: R * > 1 close to the outer boundary where buoyancy effects become large and R * < 1 in the deep interior where rotation can still dominate the force balance. As R * m increases, the buoyancy-dominated region grows inward. The radius r mix is defined by the radius at which R * = 1 approximately separating the buoyancy-dominated region from the rotation-dominated inner region. Figure 12 sketchs this transitional regime in which columnar convection in the deep interior exists contemporaneously with three-dimensional convective structures close to the outer boundary. Figure 13 , showing equatorial cuts of ω z for numerical models with N ρ = 5 and three different Rayleigh numbers, confirms that r mix indeed coincides with a dynamical regime boundary. In the inner part, the convective flow is dominated by convective columns tilted in the prograde direction (positive vorticity dominates) that maintain Reynolds stresses. Beyond r mix , the convective flow seems to be more radially-oriented with no preferred sign of vorticity anymore. Some stronglystratified simulations discussed in our previous study already show the very beginning of this transitional regime (see Fig. 14 in Gastine and Wicht, 2012) . Figure 11 : (a) Sketch of the radial profile of R * in strongly stratified models. r mix corresponds to the radius at which R * = 1. It marks the tentative limit between the buoyancy-dominated region (R * > 1) and the rotation-dominated region (R * < 1), both emphasised by a grey-shaded area. (b) Radial profile of R * for various numerical simulations with N ρ = 5 and E = 3 × 10 −4 .
Convective flows in the transitional regime
Zonal flows in the transitional regime
The transition to regime II happens when r mix reaches approximately mid-depth, where an abrupt transition to a retrograde equatorial jet takes place. The parameter space, where the transitional regime with two distinct types of convection coexists, is therefore quite narrow. Strong stratification is required and R * m has to be neither too small nor too large, typically in the R * m ≃ 0.1 − 0.5 range. Figure 14 shows the surface zonal flows for numerical models that lie in this specific range of parameters. Typical for numerical simulations at moderate Ekman numbers (here E = 3 × 10 −4 ) that are still in the R * m < 1 regime, a large prograde equatorial jet is flanked by two weaker retrograde jets at higher latitudes (±60 • ). Due to the aspect ratio of the spherical shell considered in this study (η = 0.6), the prograde equatorial wind extends up to mid latitudes of ±50
• . For R * m = 0.128 (green line), the zonal wind maximum is reached at the equator, similarly to Boussinesq models (e.g. Heimpel et al., 2005) . However, when increasing R * m , the center of the main equatorial jet decreases until eventually a dimple appears flanked by two maxima. The width of the dimple further grows with R * m while the central flow amplitude decreases reaching approximately ±25
• latitude and 20% of the maximum zonal wind amplitude just before the transition to regime II (see the inset in Fig. 14) . Such a pronounced dimple has also been observed in the anelastic models by Kaspi et al. (2009) strong density contrasts (see Fig. 13 in their study) .
Following the sketch displayed in Fig. 12 , this dimple can be directly related to the transition between rotation-dominated and buoyancy-dominated regions. As already shown in Fig. 13 , r mix separates these two regions and thus allows us to roughly estimate the typical latitudinal extent of the dimple via a simple geometrical relation (see Fig. 12 )
This simple expression thus relates the latitudinal extent of the observed surface zonal flows to the transition radius between the two distinct internal dynamical regimes. Although this expression is rather crude in predicting the exact width of the dimple (see the two magenta lines in Fig. 14) , it can be used as an order of magnitude estimate of its latitudinal extent.
A dimple in the equatorial zonal band of Jupiter
A similar dimple exists on Jupiter (Fig. 15 ) and extends roughly between ±7
• latitude. The amplitude of the equatorial wind decreases by roughly 30% at the equator. Is Jupiter's dimple the surface expression of an internal regime transition? From Eq. (24) with θ dimple ∼ 7
• , we can speculate that the mixing radius r mix would lie around 500 km below the 1 bar level.
To evaluate the plausibility of this scenario, we try to establish the value R * surf of Jupiter using the scaling laws by Christensen (2002) ; Christensen and Aubert (2006) and Gastine and Wicht (2012) 1 , which relates the modified Nusselt number to the flux-based Rayleigh number Ra French et al., 2012) , we derive a surface value R * surf ∼ 5 × 10 −2 . The observed near-surface shear layer on the Sun is also thought to be due to a similar dynamical transition when R * crosses unity (see Miesch and Hindman, 2011) . As suggested by these authors, another way to evaluate the impact of rotation on convection from observable quantities is to estimate 1 Note that using Nu ∼ Ra 1/3 as suggested by leads to very similar values of R * surf . Figure 15 : Observed surface zonal winds on Jupiter. Velocities are given in Rossby number units. The data are adapted from Porco et al. (2003) and Vasavada and Showman (2005) . the surface convective Rossby number using Ro c = (Ω τ c ) −1 , where τ c is the convective turnover time (see also section 4.2 in Gastine and Wicht, 2012) . Using τ c = H ρ /u conv with H ρ ∼ 5 × 10 4 m from the models by Nettelmann et al. (2012a) and u conv ∼ 5 m.s −1 from observations by Salyk et al. (2006) , we obtain τ c ∼ 10 4 s, which leads to Ro c ∼ 0.5 (i.e. R * surf ∼ (Ro c ) 2 ∼ 0.25) at Jupiter's surface, a factor of five larger than the scaling law prediction.
Concerning the uncertainties in our simulations and in our knowledge of Jupiter's dynamics, as well as a possible influence of boundary conditions on scaling laws, this latter value is quite close to the expected value of R * surf > 1 required to form a dimple in the transitional regime.
Conclusion
We have investigated the transition between the rotationdominated and the buoyancy-dominated regimes in rotating spherical shells with different density contrasts, extending the previous Boussinesq study by Aurnou et al. (2007) . Following Gilman and Glatzmaier (1981) and , we have employed the anelastic approximation to filter out fast acoustic waves and the related short time steps. Exploring moderate Ekman numbers (E = 10 −3 − 3 × 10 −4 ) allowed us to raise the Rayleigh number into the buoyancy-dominated regime (characterised here by R * m > 1) and to study zonal flows in a broad parameter range. We highlight our main findings:
• When gradually increasing R * m , the convective flows change from geostrophic columnar convection when rotation dominates the force balance to three-dimensional turbulent motions when buoyancy becomes significant. In the stratified cases, the latter is characterised by a pronounced asymmetry between broad upwellings and narrow downwellings. This change in the convective features is accompanied by a sharp transition in the zonal flow regime. The equatorial zonal jet reverses its direction at R * m ≃ 1, independently of the background density contrast and the Ekman number.
• In the rotation-dominated regime (i.e. R * m ≪ 1), a combination of quasi-geostrophic columns, density stratification effects, and boundary curvature lead to Reynolds stresses (i.e. the correlation between the cylindrically radial and the azimuthal components of the convective flow) that maintain a prograde equatorial zonal flow. The zonal flow amplitude is relatively independent of the density stratification (see also Gastine and Wicht, 2012) .
• In the buoyancy-dominated regime (i.e. R * m ≫ 1), convection homogenises the angular momentum per unit of mass which leads to a strong retrograde equatorial zonal flow flanked by prograde winds at higher latitudes. The maximum zonal flow amplitude now increases with density stratification. As already mentioned by Aurnou et al. (2007) , these zonal flow patterns are reminiscent to those observed on Uranus and Neptune, though it remains uncertain whether convective driving in the ice giants indeed reaches R * m > 1.
• Our simulations suggest the possible existence of a third regime where the mean zonal flows are negligible and three dimensional turbulent convection strongly dominates. The timescale of the small-scale convective motions is much shorter than the rotation period which therefore cease to play a role in organising large-scale flow. The transition to the third regime seems to depend on the density stratification and has not been reached for N ρ ≥ 3.
• For strongly stratified models in the R * m ≃ 0.1 − 0.5 range, both the dynamical regimes I and II can be present in the spherical shell. Close to the outer boundary, buoyancy dominates and leads to more turbulent flows within a thin outer layer. In the deep interior, rotation still dominates, and columnar convection drive the typical zonal flow structure. The turbulent outer layer reduces the zonal flow amplitude in the center of the equatorial jet. This leads to a dimple similar to the one observed on Jupiter. Its width suggests that a transition between the two dynamical regimes may occur at a depth of 500 km below the 1 bar level in Jupiter. Estimate based on the turnover timescale of convection suggests R * surf ∼ 0.25, just on the low side of the required value.
• This parameter study on the different zonal flows regimes in rotating anelastic spherical shells has also some possible stellar applications as it helps to clarify the transition between the solar-like differential rotation (i.e. prograde) and the so-called anti-solar differential rotation (i.e. retrograde) observed in a number of stellar convection zone models (e.g. Brun and Toomre, 2002; Miesch, 2005; Bessolaz and Brun, 2011; Käpylä et al., 2011a) . 
